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ABSTRACT 
While it is well documented that prefrontal cortices play an essential 
role in memory, previous studies yield inconsistent findings on the specific 
involvement of the left and right prefrontal cortex in subsets of memory processing 
including encoding and retrieval. One purpose of the present study was to 
investigate the prefrontal involvement in encoding and retrieval. To study the 
functional role of the prefrontal involvement in memory processing, this study was 
further to compare the memory performances of subjects with different patterns of 
brain activation associated with encoding and retrieval. 
� Thirteen healthy subjects (8 M & 5 F; mean age= 24.77 years; mean 
education level: 16 years) were recruited on a voluntary basis. The fMRI 
experiments were performed on a 1.5 T MRI system (Philips ACS-NT) with 
parameters of TR/TE/Q 2000/40/90�. A block-designed paradigm was used in the 
encoding and the retrieval task. During encoding, subjects silently memorized 18 
novel words in the task blocks and fixated on a cross in the rest blocks. In retrieval, 
a similar design was conducted, except that the subjects were asked to perform a 
mixed new (9words)/ old (9 words) forced recognition task. 
Analysis at a group level suggested that encoding activated the left 
inferior prefrontal cortex and retrieval activated bilateral middle and inferior 
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prefrontal cortices. Analysis at an individual level showed that not all individual 
subjects demonstrated an activation pattern that was observed in the group analysis; 
such an activation pattern was only observed in around 50% of the subjects but not 
in another of the subjects. Subjects with an activation pattern that left prefrontal 
activated in encoding and bilateral prefrontal activated in retrieval performed 
significantly better than those without such an activation pattern. 
Results from the present study suggest that the left prefrontal is 
responsible for memory encoding and both the left and right prefrontal cortices are 
responsible for memory retrieval. However, there are individual differences in 
utilizing various neurocognitive processing to mediate memory. Some may utilize 
left prefrontal cortex to mediate encoding and bilateral prefrontal cortex to mediate 
retrieval; others may not utilize such a processing pattern. The findings that better 
memory performances are associated with the participation of the left prefrontal 
cortex in encoding and bilateral prefrontal cortices in retrieval may suggest that left 
prefrontal activation in encoding and bilateral prefrontal activation in retrieval are 
associated with memory efforts and memory success. 
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右前額頁則在“資料提取”中擔當重要角色，當左前額頁參與“資料學習”及 
左右前額頁同時參與“資料提取”時，記憶表現便會較好。 
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Chapter 1- fMRI as a Neuroimaging Method for Studying Prefrontal Involvement 
in Memory Processing 
Until recently, most of our knowledge about the functional roles of 
human prefrontal lobes on memory processing have come from studies of patients 
with memory deficits due to focal brain injuries in their prefrontal lobes (Stuss & 
Benson, 1984; Petrides, 1989; Levin, Eisenberg & Benton，1991; Wirsen & Ingvar， 
1991) and these lesion data enable researchers to make inferences about the 
relations of prefrontal lobes and memory processes in normal population (Buckner 
& Tulving, 1995; Butters, Delis & Lucas, 1995; Fletcher & Henson, 2001). Over 
the past decade, the advancement of neuroimaging techniques has provided an 
alternative method enabling visualization of brain activities corresponding to 
memory processes in normal, awake brains in a non-invasive way (Banich, 1997; 
Frith & Friston，1997; Perani & Cappa，1999; Papanicolaou, 1999). Functional 
Magnetic Resonance Imaging (fMRI) is one of the functional neuroimaging 
techniques with advancement in improving precisions in localizing 
functional-anatomical specializations to map the specific functional role of a 
specific prefrontal area (e.g. the left and right prefrontal cortices) in different 
stages (i.e. encoding and retrieval) of memory processing in intact population 
(Buckner & Koutstaal，1998a & 1998b; Wigs, Weisberg & Martin, 1999; Buckner, 
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Logan, Donaldson & Wheeler，2000; Fletcher & Henson，2001). 
The concept of physiological basis in localizing functional-anatomical 
specializations by fMRI is not complicated. The neuronal activity of a brain region 
involving in a cognitive task such as memory encoding or memory retrieval is 
increased and both blood flow and oxygen supply of the corresponding brain 
region are increased as well. The dramatic increases in blood flow bring more 
oxyhemoglobin into this brain region, resulting in a change in the concentration of 
oxy- and deoxyhaemoglobin in the blood of the local brain region. Thus the ratio 
of oxy_ to deoxyhaemoglobin in the activated brain areas is different to that in the 
non-activated brain areas (Papanicolaou, 1999). Because oxyhaemoglobin and 
deoxyhaemoglobin have different paramagnetic properties, the change in the ratio 
of oxy- to deoxyhaemoglobin results in the change in magnetic resonance (MR) 
signal of the activated brain regions to which fMRI is sensitive and therefore 
provides a way to measure neural activity of local brain region that is utilized by a 
memory task (Ogawa et a l , 1990; Kwong et al.，1992). 
As an advanced method being employed for imaging local neural 
activity corresponding to memory processes, the primary advantage of this new 
functional neuroimaging technique is offering sufficient experimental flexibility to 
investigate underlying regional neural activity corresponding to different subsets of 
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memory processes in normal, awake individuals (Buckner & Koutstaal, 1998; 
Henson, Rugg, Shallice & Dolan，2000; Lee, Robbins, Pickare & Owen, 2000). 
fMRI can elucidate memory processes into different stages of processing without 
damages. While lesion studies usually show the relationship between a damaged 
brain region and a given memory task (Shimamura, Janowsky & Squire，1991; 
Levin，Goldstein, Williams & Eisenberg，1991; Shimamura, 1995)，the 
methodological advantage of fMRI allows one to observe neuronal activities in an 
undamaged living, awake brain as it is performing a memory task such as encoding 
and retrieval and provide additional evidence from another aspect for 
understanding the functional role of a specific brain region (Buckner, 2000; 
Fletcher & Henson，2001). As the imaging method has proved to be successful in 
localizing distinct neuroanatomical areas for different language systems such as 
Broca's area and Wernicke's area (Demonet, Price, Wise & Frackowiak，1994; 
Price et al.，1997; Binder et a l , 1997; Price, 1998), the fMRI technique may prove 
fruitful in identifying the different neuroanatomical areas for important subsets of 
memory processing. 
Another advantage of the fMRI technique is its safety. As fMRI 
measures regional brain activity by detecting the concentration change of oxy- and 
deoxyhaemoglobin in brain regions cerebral blood flow and thus detecting the 
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change of the regional magnetic signals, it does not involve procedures causing 
damages to the brain (Ogawa et al.，1990; Kwong et al.，1992; Banich, 1997; Frith 
& Friston，1997; Perani & Cappa, 1999). The fMRI imaging method visualizes the 
blood oxygenation dependent level (BOLD) signal changes related to regional 
brain activity based on oxygen consumption, but not based on the activities of 
radio-labeled tracer agents that are used by another neuroimaging technique一 
positron emission tomography (PET, Ogawa et al. 1990). Using radio-labeled 
tracer to follow the change of blood flow may lead to toxic problems and only a 
limited number of scans can be performed on a single subject (due to restrictions in 
the maximum allowable exposure to the radio-labeled tracer agents that are 
involved) so that most PET studies need to average data across multiple subjects to 
acquire complete neuroimages. Averaging data from multiple subjects significantly 
reduces the resolution of the resulting image as imaging scans are obtained from 
different subjects whose anatomy may differ dramatically (Buckner, 1995; Frith & 
Friston, 1997; Perani & Cappa，1999). In contrast to PET, there are no exposure 
restrictions associated with fMRI. Multiple imaging scans can be obtained from a 
single subject, and areas of activity can then be localized in structural images 
obtained from the same subjects (Cohen, Noll & Schneider，1993). Thus, 
comparatively accurate and detailed structural brain images of a working brain can 
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be obtained with detailed spatial information and high spatial resolution, within 1-2 
mm. (in some cases, 0.1 mm; PET can provide spatial resolution within 3 mm; see 
Clark, Courchesne, & Grafe，1992). 
In addition, this non-invasive and nontoxic imaging procedure enable 
obtaining multiple scans to be obtained from a single subject and areas of neural 
activity can then be localized using his/her own brain structural images (Kwong, 
1992; Papanicolaou, 1999). This factor makes it possible and practical to observe 
between-subject variability in regional neural activity during performing a memory 
task and is likely to extend the PET findings so that individual differences in brain 
anatomy can be related to cognitive operations. This factor can further enable 
within-subject comparisons in performing multiple memory paradigms such as the 
encoding-retrieval dual-task paradigms. Unlike the PET method that averages 
multiple-subject data that are mapped into normalized brain space, fMRI studies 
allow examination of brain activity in each individual in relation to their own brain 
structure during performing different memory paradigms (Buckner, 1995). 
Therefore the fMRI technique enables a comparison of an individual's associated 
with encoding task to their performance on a retrieval task (Fletcher & Henson, 
2001). 
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Chapter 2- A Review of the Relationship Between Prefrontal Lobes and Memory 
The prefrontal lobes encompassing roughly a third of the cerebral 
cortex in human brains (Shimamura, Janowsky & Squire, 1991; Shimamura, 1995; 
Fuster, 1997) are richly connected to other cortical and subcortical regions such as 
the temporal lobes, the hippocampal region and the limbic structures that are 
suggested to be closely related to memory (Nauta, 1964; Barbas & Mesulam，1985; 
Petrides & Pandya,1988; Petrides, 1989). Thus, it is proposed that this prefrontal 
cortical region may play a role in memory functions (Petrides, 1989; Shimamura, 
Janowsky & Squire, 199; Fuster, 1997). 
The notion that the prefrontal lobes are involved in memory functions 
has been supported by evidence from various lesion studies in which memory 
impairments are frequently reported in patients with prefrontal lobe damage (Levin, 
Goldstein, Williams & Eisenberg，1991; Shimamura, Janowsky & Squire, 1991; 
Wirsen & Ingvar, 1991; Stuss & Benson, 1994). According to these studies, 
patients with prefrontal lobe damage obtain significantly lower scores than normal 
control subjects on different kinds of standard memory tests including the digit 
span subtest of the Wechsler Memory Scale-Revised which measures working 
memory capacity (Shimamura, Janowsky & Squire，1991; Wirsen & Ingvar，1991), 
the Maze Learning Test which measures learning ability (Milner, 1965); and a list 
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learning test which measures abilities to learn and retain new information (Wirsen 
& Ingvar，1991; Stuss et al，1994; Gershberg & Shimamura, 1995). Similar results 
were obtained from studies of different modalities including verbal memory (Hirst 
& Volpe，1988; Wirsen & Ingvar，1991; Incisa della Rochetta & Milner，1993; 
Stuss et al., 1994; Gershberg & Shimamura，1995) and visual memory (Wirsen & 
Ingvar, 1991). 
In addition, patients with prefrontal lobe lesions exhibit deficits in the 
executive or the control functions of memory processes to discriminate and inhibit 
irrelevant information (Shimamura, Janowsky & Squire，1991). Comparing with 
normal control subjects, prefrontal lobe patients show difficulties in discriminating 
target memory items from interference items by recalling more words from an 
interference word list than from the original target list (Incisa Della Rocchetta and 
Milner，1993; Shimamura et al, 1991). They also demonstrate impairments of 
inhibition of irrelevant memory errors by making significantly more intrusion 
errors，perservation error, and confabulations on free recall tasks (Levin, Goldtein, 
Williams & Eisenberg，1991; Stuss et al, 1994) and obtaining significantly higher 
score of false alarm on recognition tasks (Schacter, Curran, Galluccio, Milberg & 
Bate，1996; Curran, Schacter, Norman & Galluccio, 1997). 
Further evidence illustrate that prefrontal memory impairments may 
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be associated with impairments in strategic aspects of memory processes. Patients 
with prefrontal lobe damage exhibit impairments in memory tasks requiring effort 
of organizational strategies (Levin, Goldtein, Williams & Eisenberg，1991; Wirsen 
& Ingvar，1991; Stuss et al, 1994; Gershberg & Shimamura，1995). They are less 
likely than normal control subjects to use intrinsic organizational strategies such as 
subjective and semantic categorization when performing a memory task such as a 
verbal list learning test (Janowsky et al, 1989; Stuss et al, 1994; Brebion et al, 
1997)，although their memory performance improved significantly when external 
organizational cues were provided to guide their memory processes (Stuss et al, 
1994; Gershberg & Shimamura, 1995). Such a deficit in using organizational 
strategies was also documented in visual memory tests such as the Rey-Osterrieth 
Complex Figure Test, in which patients with prefrontal lobe damage exhibited poor 
structure in copying the figure. They copied and recalled the figure in the form of 
its fragments rather than following the structural organization rule, as normal 
control subjects, to divide the figure into its main parts (Bennett-Levy, 1984; 
Wirsen & Ingvar，1991). 
In summary, lesion studies show that patients with prefrontal lobe 
damages demonstrate memory impairments, which may be related to deficits in 
strategic and executive control of memory processing. 
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In concordance with findings from lesion studies to support the view 
that prefrontal lobes are involved in memory processing, results from 
neuroimaging studies (e.g. PET studies, fMRI studies) show consistent prefrontal 
activation in association with different types of memory tasks including free recall 
tasks (Fletcher et al，2001)，cued recall tasks (Squire et al, 1992; Shallice et al， 
1994; Buckner et al, 1995) and recognition tasks (Tulving et a l , 1994b; Cabeza et 
al，1997; Wagner et al, 1998). Similar prefrontal activations are associated with 
memorizing various types of information including single words (Shimamura, 
1995; McDermott et al., 1999), paired associates (Shallice et al, 1994), objects 
(Kelley et al, 1998; Wagner et al, 1998) and faces (Kelley et al, 1998). 
Results from neuroimaging studies further suggest an asymmetrical 
involvement of the left and right prefrontal cortices in the encoding stage and the 
retrieval stage of memory processing (Tulving et al, 1994; Buckner, 1996; Nyber 
et al, 1996). Tulving and coworkers (1994) reported the first review of 
accumulated findings from neuroimaging studies and suggested a model, the 
hemispheric encoding-retrieval asymmetry (HERA) model, to describe the 
asymmetric prefrontal activation pattern during encoding and retrieval: Encoding 
is associated with increasing regional cerebral blood flow in the left prefrontal area 
while retrieval is associated with increasing regional cerebral blood flow in the 
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right prefrontal area (Tulving, et al, 1994; Nyberg et al, 1995 & 1996; 
Papanicolaou, 1999; Buckner, 2000). The model suggests that the left prefrontal 
cortex is responsible for memory encoding whereas the right prefrontal cortex is 
responsible for memory retrieval. 
Although many neuroimaging studies provide additional evidence to 
support the asymmetrical involvement of the left and right prefrontal cortices in 
encoding and retrieval (Shallice et al, 1994; Koechlin et al, 1999; Fletcher et al, 
2001)，others have reported findings that are inconsistent with the prediction of the 
hemispheric asymmetry model (Wagner et al, 1998; Kelly et al, 1998; Klingberg et 
al，1998; Lee, Robbins，Pickard & Owen，2000). The studies with inconsistent 
findings suggest that memory encoding is not always associated with activation in 
the left prefrontal cortex but sometimes associated with activation in the right 
prefrontal cortex, particularly for encoding nonverbal stimuli namely 
unpronounceable non-words and faces (Kelly et al, 1998; Klingberg et al, 1998; 
Lee, Robbins, Pickard & Owen，2000). 
For memory retrieval, the studies with inconsistent findings to the 
HERA model have indicated that not only the right prefrontal cortex but also the 
left prefrontal cortex are activated during a retrieval task (Buckner & Tulving 1995; 
Nyberg et al., 1996; McDermott, et al., 1999; Buckner, 2000). Such a bilateral 
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prefrontal activation is observed in a wide range of retrieval tasks including cued 
recall (Rugg et al, 1998)，stem-completion (Rosen et al, 2000)，and recognition 
(Bukner et al, 1998; Rugg et al, 1998; McDermott, et a l , 1999), using various 
kinds of experimental materials, including verbal and non-verbal stimuli (lidaka et 
al, 2000; Lee et al, 2000; Grady, Mcintosh, Beig & Craik，2001). 
Based on current findings from lesion studies and neuroimaging 
studies, there are convincing evidence to support the view that the prefrontal lobes 
are involved in memory processing. However, the findings on the specific 
involvement of the left and the right prefrontal cortices in encoding and retrieval 
are inconsistent and the specific functional role of the left and the right prefrontal 
cortex in memory processing remains unclear. 
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Chapter 3- The Present Study 
As reviewed in Chapter 2, while some studies support the notion that 
encoding is mediated by the left prefrontal cortex and retrieval is mediated by the 
right prefrontal cortex (e.g. Shallice et al, 1994; Tulving, et al, 1994; Nyberg et al, 
1995 & 1996; Koechlin et al, 1999; Papanicolaou, 1999; Buckner, 2000; Fletcher 
et al, 2001), many studies have yielded inconsistent findings to suggest that 
encoding may not be always related to the left prefrontal cortex (Kelly et al, 1998; 
Koechlin et al, 1999; Lee, Robbins, Pickard & Owen, 2000)，and retrieval may be 
related to both the left and right prefrontal cortices (e.g. Buckner & Tulving 1995; 
Nyberg et al.，1996; McDermott, et al., 1999; Buckner, 2000; lidaka et al, 2000; 
Lee et al, 2000; Rosen et al, 2000; Grady, Mcintosh, Beig & Craik, 2001). The 
inconsistent findings on the asymmetric involvement of the left and right prefrontal 
cortex in different stages of memory processing may suggest that different 
individuals utilize various neurocognitive processing strategies to mediate 
encoding and retrieval. Some may use the left and the right prefrontal cortex to 
mediate encoding and retrieval respectively; others may use the left prefrontal 
cortex to mediate encoding and both the left and right prefrontal cortices to 
mediate retrieval. Of the neuroimaging studies to date, while the majority have 
reported grand-mean effects by averaging data across multiple subjects, few have 
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reported the pattern of neurocognitive processing for encoding and retrieval at an 
individual level. 
In a recent study, Wood and coworkers (2001) reported individual 
variations in activation patterns associated with performing a memory task, a stem 
completion task, to generate words beginning with a string of letters. Not all 
subjects showed brain activations in the regions of interests (i.e. prefrontal lobes). 
And among those showing such activations, there were significant variations in the 
extent and the precise location of activation. As the finding from Wood et al's 
(2001) work provides preliminary evidence to support the hypothesis that not all 
individuals utilize the same pattern of neurocognitive processing to mediate 
memory processing one purpose of the present study was therefore to investigate 
the left and right prefrontal cortical activities during memory encoding and 
retrieval by using fMRI. 
Despite many neuroimaging studies reported on the activation pattern 
of the prefrontal cortices associated with memory encoding and retrieval (Tulving, 
et al, 1994; Nyberg et al, 1995 & 1996; Rugg et al, 1998; McDermott, et a l , 1999; 
McDermott, et al., 1999; Buckner, 2000; Lee et al, 2000; Rosen et al, 2000; Grady, 
Mcintosh，Beig & Craik，2001)，only limited number of studies have documented 
the correlation between memory performance and brain activations in the 
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prefrontal areas (Buckner et al, 1998; lidaka et al, 2000; Konishi et al, 2000). Thus, 
the correlation between patterns of prefrontal activation and memory function 
remains unclear. Of these limited number of studies, one has demonstrated that 
activations in the left prefrontal cortex for both encoding and retrieval are strongly 
correlated with memory success (lidaka et al, 2000); that is, the stronger the 
activation intensity in the left prefrontal cortex during encoding and retrieval, the 
better the subsequent memory performance (higher correct hit rate and lower false 
alarm rate). The authors have suggested that the significant positive correlation 
between the magnitude of activity in left prefrontal cortex and memory success 
might be evidence that the left prefrontal cortex is related in effortful and strategic 
memory operations. Thus, the participation of the left prefrontal cortex in encoding 
and retrieval would result in more successful memory performance. 
Apart from lidaka et al's work (2000) supporting the role of the left 
prefrontal cortex in more successful memory performance, two other fMRI studies 
using event-related designs (Buckner et al, 1998; Konishi et al, 2000) have also 
illustrated that the activations of the left prefrontal cortex together with the right 
prefrontal cortex (i.e. bilateral prefrontal activation) during retrieval are associated 
with memory accuracy. In the event-related recognition paradigms, the subjects 
were asked to perform a mixed old/new (words) forced recognition task in which 
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they were required to make judgment whether they had seen the presented word in 
a previous learning episode. The results showed that both left and right prefrontal 
cortices were activated in the trials including "correct recognition" (i.e. correctly 
recognize the "old" words) and "correct rejection" (i.e. correctly reject the "new" 
words), providing evidence that accurate memory performances such as "correct 
recognition" and "correct rejection" are correlated with the participation of both 
left and right prefrontal during retrieval. 
As findings from these limited number of studies suggest that left 
prefrontal activation in encoding and retrieval is associated with memory success 
and bilateral prefrontal engagement in retrieval are correlated with memory 
accuracy, it is speculated that subjects with an activation pattern that left prefrontal 
activates during encoding and bilateral prefrontal activate during retrieval may 
have better memory performances. Given that there are individual differences in 
utilizing various neurocognitive processing to mediate encoding and retrieval, 
some subjects may show left prefrontal activation during encoding and bilateral 
prefrontal activation during retrieval (i.e. the LB+ activation pattern) and others 
may not show such a prefrontal involvement in subset of memory processing (i.e. 
the LB- activation pattern). According to findings from the correlation studies that 
suggest that successful memory performances are correlated with left prefrontal 
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activation during encoding and bilateral prefrontal activation during retrieval, it is 
hypothesized that the LB+ group will perform better than the LB- group in 
subsequent memory tests. As no study to date has documented direct comparison 
on memory performance between subjects with different kinds of prefrontal 
activation patterns, another purpose of the present study was thus to compare 
subsequent memory performance between the LB+ and the LB- groups. 
Prefrontal Involvement 17 
Chapter 4 - Method 
Subjects 
Thirteen healthy subjects including 8 males and 5 females participated 
in the present study on a voluntary basis through open recruitment. The age of the 
subjects varied between 20 and 33 years (mean age = 24.77 years; S.D =4.55 years) 
and the range of education level was between 11 and 18 years (mean= 16.00 years; 
S.D =1.63 years). All 13 subjects were right handed and native Cantonese speakers 
and had normal or corrected-to-normal vision. Subjects were excluded if they had 
medical, neurological or psychiatric problems or if they were taking medications. 
Imaging methods 
Prior to the fMRI imaging procedure, each subject was asked to give 
written informed consent. In order to match the baseline of memory performance, 
subjects were tested on their verbal and memory capacity by a Chinese verbal 
list-learning test, the Hong Kong List Learning Test (Chan & Kwok, 1999). Before 
entering the scanning room, each subject was well instructed on the scanning 
procedure and was given briefing with knowledge on possible artificial factors, 
including body movements, head motions, facial muscle contractions and even 
swallowing, that might lead to motion artifacts. They were also instructed on the 
experimental paradigms to ensure that they understood what they had to perform 
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during the imaging procedure. This subject instruction was carried out using 
printouts of typical examples of the experimental paradigms. 
The scanning procedure was conducted in a closed scanning room with 
lights dimmed. Imaging studies were performed on a 1.5 tesla (1.5 T) MRI system 
(Philips ACS-NT) equipped with a prototype fast gradient system for echo-planar 
imaging. Each subject was placed in a supine position in the MRI scanner with 
his/her head immobilized in a standard quadrature radiofrequency head coil. The 
neck cushioning and foam padding were used to minimize motion artifacts. Before 
scanning, subjects were asked to find a comfortable position in the head coil and to 
relax during the imaging procedure. They were also instructed to keep their eyes 
closed and to rest until the experimental paradigms were carried out. 
During scanning, the experimenter gave instructions on the imaging 
procedure and the paradigm over the auditory system of the scanner. Subjects 
responded to the experimenter's instructions using a button held in his/her left 
hand. Subject performance during the imaging session was observed through a 
video monitor. If the subject encountered any problems during the imaging session, 
the scanning procedure would be stopped and re-ran (No such problems happened 
in the present study). 
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The experimental stimuli were presented using E-prime program 
running on a Powerbook 5300 portable computer and back projected onto a screen, 
using a 256-color liquid crystal display and an overhead projector. Subjects viewed 
the screen through a beveled mirror permanently attached to the head coil. For 
each subject a series of conventional structural images were first collected to 
provide detailed anatomical information. Following the acquisition of these 
structural images, the functional images were collected (gradient-echo echoplanar 
imaging parameters: TR= 2000ms; TE= 40ms; 0= 90。，matrix= 64mm x 64mm, 
FOV= 220 mm and slice thickness: 5mm). Sixteen axial slices were acquired to 
cover the whole brain for anatomical structure reference. Raw image data were 
saved onto digital tape for subsequent analysis. 
Experimental designs 
There were two experimental paradigms: The memory encoding 
paradigm and the memory retrieval paradigm. Each experimental paradigm was a 
block-designed paradigm with 3 rest-task cycles (20-second rest, 20-second task, 
Figure 1). 
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word word word 
+ + + 
rest task rest task rest task 
40 sec 40 sec 40 sec 
> 
Time (total 120 seconds) 
Figure 1. A schematic illustration of the block-designed paradigm with 3 
rest-task cycles (20-second rest, 20-second task). 
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In the episodic encoding paradigm, a total of 18 novel tow-character 
Chinese words were presented in three task blocks. In each task block, six words 
were displayed at the rate of one word every 2.5 seconds. The subjects were asked 
to silently memorize the words presented on the screen in the task blocks for 
subsequent memory test. They were asked to silently fixate on the cross displayed 
on the screen in the three rest blocks. 
In the following retrieval paradigm, a similar procedure of that of the 
encoding paradigm was run with another list of 18 words with mixture of 9 old 
(studied) and 9 new (nonstudied) words. The subjects were asked to make a 
judgment as to whether they had just seen the words in the encoding episode. After 
finishing the fMRI experiments, subjects were asked to perform a subsequent 
paper-pencil test to indicate whether they could recognize the words presented in 
the encoding episode. 
fMRI Data Analysis 
Raw data collected from the fMRI experiments were analyzed on a 
Pentium computer with the Linux system. The fMRI data analysis was performed 
using the MEDx (Version 3.3) image-processing program. The main purpose of 
such imaging data analysis was to detect the brain activation regions in the image 
in which the signal indicating the fMRI BOLD signal changes corresponding to the 
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activation paradigms. To improve accuracy and sensitivity in detecting the specific 
brain activation regions corresponding to specific experimental tasks, the data 
analyzing procedure was divided into four stages including 1) Eliminating motion 
artifacts of raw data; 2) Increasing the signal to noise ratio of the data; 3) 
Generating activation maps by statistical analysis; 4) Identifying brain activation 
regions. 
Stage 1: Eliminating motion artifacts of raw data 
Subject movement, even very slight movement, during the imaging 
procedure was a major source of artifact in lowering the accuracy and sensitivity in 
detecting the real activations corresponding to the experiments. It was necessary, 
therefore, to eliminate motion artifacts by performing motion correction in which 
all slices in the analysis group were registered to the same standard reference slice. 
The process taken here was working on realigning scans by a slice-by-slice basis 
and resulted in correcting all slices perfectly realigned in the same way. 
Stage 2: Increasing the signal to noise ratio of the data 
Random noises presented would defect the ability of the statistical 
technique to detect real activations reflecting the changes of fMRI BOLD signals 
in respond to the stimulus presentation. Any increases in the signal to noise ratio 
previous to further statistical analysis would improve the accuracy and the 
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sensitivity in detecting the true activations. To improve such a signal to noise ratio, 
a pre-processing procedure was carried out on the imaging data. The motion 
corrected data were first registered into experimental conditions including the rest 
and the activation conditions. The data were then spatially smoothed with a 
Gaussian Kernel filter (full with half maximum [FWHM]=6 x 6 x 6 mm), and 
followed by temporal smoothed filtering. Intensity normalization and linear 
detrending were also carried out to improve the signal to noise ratio prior to further 
statistical analysis was performed. 
Stage 3: Generating activation map by statistical analysis 
After the data were pre-processed to be sensitive for the detection of 
true activation, the statistical analysis was conducted to generate the activation 
map. The correlation technique was employed in this study to generate the 
activation map since this statistical technique was less sensitive to movement and 
to other physiological changes during the experiments. Activations were detected 
by calculating the correlation coefficients on the changes of fMRI BOLD signals in 
the rest and the activation experimental conditions. The activation maps were 
generated on correlation coefficients with a significant level of p<0.05. 
Stage 4: Identifying brain activation regions 
Prefrontal Involvement 24 
For every activation region, there was a corresponding coordinate (x，y,z) 
in the standard brain space of Talairach & Toumoux (1988). The activation map 
was co-registered into the standard brain map of Talairach & Toumoux and the 
brain activation regions were identified on the basis of the standard brain map of 
Talairach & Toumoux. 
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Chapter 5 - Results 
Group analysis 
Figure 2 shows activations with significant level of p< 0.05 (z> 2.33) in 
the two memory tasks, that is encoding (Figure 2a) and retrieval (Figure 2b), for 
the group averaged data across the thirteen subjects, projected on the structural 
images of an individual subject after transformation into the standard Talairach 
brain. The corresponding Talairach coordinates and the approximate Brodmann's 
areas of the activated sites for each memory task and in each hemisphere are 
indicated in Table 1. During encoding, increased fMRI BOLD signals (i.e. brain 
activations) were observed in the left inferior prefrontal cortices, which are 
corresponding to the Broadmann's area 47. For retrieval, in addition to the 
increased fMRI BOLD signals in the left inferior prefrontal cortex, increased 
heamodynamic signals were also observed in the right inferior prefrontal cortex 
and the bilateral middle prefrontal cortices which are corresponding to Brodmann's 
area 46 or 10. Figure 3 shows an example of fMRI BOLD signal changes in the 
left prefrontal region during encoding (Figure 3a) and in the bilateral prefrontal 
regions during retrieval (Figure 3b) during retrieval across three blocks, revealing 
that fMRI BOLD signals were stronger in the task blocks than that in the rest 
blocks for both the encoding and retrieval tasks. 
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Figure 2a. Group averaged data across the thirteen subjects projected on the 
structural images of an individual subject after transformation into the 
standard Talairach brain show significant signal increase in the left inferior 
frontal gyrus (BA47) during memory encoding. For Talairach coordinates of 
the activation location, see Table 2. 




Figure 2b. Group averaged data across the thirteen subjects projected on the 
structural images of an individual subject after transformation into the 
standard Talairach brain show significant signal increase in the left and right 
middle (BA 46/ BA 10) and inferior prefrontal gyri (BA 47) during retrieval. 
For Talairach coordinates of the activation location, see Table 2. 
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Table 1. 
Loci of activations obtained from the group analysis at a significant level ofp<.05 
(Z>2.33) for encoding and retrieval 




Region x y z BA Region x y z BA 
Encoding MFG - - - - MFG - -
IFG -44 12 58 BA47 IFG - - - -
Retrieval MFG -32 48 2 BA46/10 MFG 34 36 0 BA46/10 
IFG -40 36 2 BA47 IFG 40 30 0 BA47 
Note: MFG: Middle Frontal Gyrus 
IFG: Inferior Frontal Gyrus 
BA: Broadmann's Area 
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Figure 3. One example of fMRI signal changes in the left prefrontal 
region during encoding (a) and in both the left and right prefrontal 
regions during retrieval (b) across three blocks. 
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As brain activations were observed in both the left and right prefrontal 
cortices during retrieval, cluster analysis was further conducted to examine the 
number of activated voxels in the left and the right prefrontal regions of interest 
(i.e. the left and right middle and inferior frontal gyri) and a paired-samples t-test 
was then carried out to investigate whether there was a difference in the number of 
activated voxels between the left and the right prefrontal regions of interest. As 
presented in Figure 4, while the number of activated voxels in the left prefrontal 
cortex was greater than that in the right prefrontal cortex during encoding with a 
marginal significant level (t=1.85, p<0.1), similar amount of activated pixels were 
observed in the left and the right prefrontal cortices during performing the retrieval 
task (t=-1.24, p二0.24)，indicating that larger clusters were located in the left 
prefrontal cortex during encoding whereas clusters were symmetrically located in 
the bilateral prefrontal cortices for retrieval. The result illustrated that the left 
prefrontal cortex, especially the left inferior prefrontal cortex (BA47), was 
predominantly activated during encoding while both the left and the right 
prefrontal cortices including the middle and the inferior prefrontal cortices (BA46/ 
BAIO) were activated for retrieval. 
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Figure 4. The number of activated voxels is greater in the left prefrontal 
cortex than that in the right prefrontal cortex during encoding whereas the 
number of activated voxels is similar in the left and the right prefrontal 
cortices during retrieval. For precise activation locations, see Figure 2. 
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Individual subject analysis 
The result of group analysis was drawn by averaging data across all 
thirteen subjects. To fiirther investigate whether there is individual differences in 
utilizing various patterns of neurocognitive processing to mediate encoding and 
retrieval, data analysis was carried out at an individual level by mapping brain 
activities related to encoding and retrieval to every individual subject's own brain 
structural images. The occurrence of activations was indexed by whether the 
subject showed at least one significant voxel in the particular regions of interest 
which were selected based on the literature and confirmed by our result of group 
analysis. These regions included both left and right middle (BA46/10) and inferior 
(BA47) prefrontal cortices. 
The results of individual subject analysis showing the occurrence of 
activations in the regions of interest in encoding and retrieval for every subject 
were presented in Table 2. During encoding, activation foci in the left middle 
(BA46/10) and inferior (BA47) prefrontal cortices were detected in 6 of 13 
subjects (46%) whereas the detection frequency in such selected brain regions was 
only 8% (1 of 13 subjects). As results shown in the encoding task, activation foci 
in the left middle (BA46/10) and inferior (BA47) prefrontal cortices were also 
detected in 6 of 13 subjects (46%) for the retrieval task. In addition, activation foci 
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in the right middle (BA46/10) and inferior (BA47) prefrontal cortices were 
detected in 10 of 13 subjects (80%) during performing the retrieval task. 
As revealed in Table 2，there were individual differences in 
demonstrating occurrence of activations in the regions of interests. Table 3 further 
summarizes results from individual subject analysis for showing the left or right 
predominance for encoding and retrieval. Six subjects out of thirteen (4 males and 
2 females) showed the LB+ activation pattern in which encoding activated the left 
prefrontal cortex and retrieval activated bilateral prefrontal cortices. The other 
seven subjects (4 males and 3 females), however, illustrated a LB- activation 
pattern that showed between-subject variability in prefrontal activations associated 
with encoding and retrieval. Rather than showing an activation pattern that 
memory encoding was correlated with left prefrontal activation and memory 
retrieval was correlated with bilateral prefrontal activation, one of the seven 
subjects showed right prefrontal activation and one showed left prefrontal 
activation, and the other five showed absence of prefrontal activation in encoding. 
For retrieval, while two of them showed absence of prefrontal involvement, the 
other five subjects showed only the right prefrontal cortex but without the left 
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Table 1. 
Summary of data from individual results, showing left or right predominance for 
encoding and retrieval. 
o L • … ^ , Activation Subject No. Gender Age (year) Encoding Retrieval 
Pattern 
Subject 1 M ^ : 7 "^g：  
Subject 2 F 23 _ _ LB-
Subject3 M 33 - Right LB-
Siibject4 M 31 - Right LB-
Subject5 F 22 - Right LB-
Subject 6 M 25 Right Right LB-
Subject7 F 22 Left Right LB-
Subject8 M 21 Left Bilateral LB+ 
Subject9 M 20 Left Bilateral LB+ 
Subject 10 M 21 Left Bilateral LB+ 
Subject 11 M 22 Left Bilateral LB+ 
Subject 12 F 22 Left Bilateral LB+ 
Subject 13 F 31 Left Bilateral LB+ 
Note: Absence of activation in the regions of interest 
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Subsequent memory performance 
Individual analysis illustrated that there were between-subject 
variability in prefrontal activation during encoding and retrieval. Six subjects out 
of thirteen demonstrated a LB+ activation pattern whereas the other seven subjects 
demonstrated some variation of an LB- activation pattern. To further test the 
hypothesis that subjects with a LB+ activation pattern would show more successful 
memory performance than those with a LB- activation pattern, an 
independent-samples t-test was conducted to compare the subsequent memory 
performance between the LB+ and the LB- groups. 
Table 4 shows demographic information of the two groups of subjects. 
Independent-samples t-test revealed that there was no difference between the LB+ 
and the LB- groups in terms of age (t=1.49, p=0.16) and education level (t=1.42, 
p=0.18). The two groups were also matched on the verbal learning and memory 
ability which was measured by the Hong Kong List Learning Test (HKLLT) 
(t=-0.45, p=0.67). 
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Table 1. 
Demographic information of subjects with left prefrontal activation during 
encoding and bilateral prefrontal activation during retrieval (LB+) and those 
without such a pattern of brain activation (LB-). 
LB+ LB-
(n=6) (n=7) 
Variable M(SD) M(SD) t-value p-value 
Age (year) 22.83 (4.07) 26.43 (4.54) 1.49 0.16 
Education level (year) 15.33 (2.16) 16.57(0.79) 1.42 0.18 
HKLLT 35.40 (2.72) 34.17(4.40) -0.45 0.67 
Note: HKLLT= The Hong Kong List Learning Test 
Figure 5 presents subsequent memory performances of the LB+ and the 
LB- groups. Independent-samples t-test showed that the LB+ group correctly 
recognized significantly more words than the LB- group (t=-5.27, p<0.01) on the 
subsequent memory test, indicating that subjects with the LB+ pattern of prefrontal 
involvement in encoding and bilateral prefrontal involvement during retrieval are 
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associated with better subsequent memory performance when compared with those 
without such a prefrontal involvement in the memory task (i.e. the LB- group). 
As high hit rate would be achieved if the subjects simply responded 
“yes，，to every item on the retrieval task, the memory performance of the two 
groups on the measures of false alarm was also compared and no significant group 
difference was found (t=1.62, p二0.13)，giving evidence that both the LB+ and the 
LB- groups made similar numbers of memory error on the subsequent memory test 
(Figure 5). 
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Correct hit False alarm 
Figure 5. Subsequent memory performance of subjects with left prefrontal 
activation during encoding and bilateral prefrontal activation during retrieval 
(LB+) and those without such a pattern of brain activation (LB-). 
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Chapter 6 - Discussion 
One purpose of the present study was to identify the underlying neural 
basis for memory processing including encoding and retrieval and further to 
investigate whether different individuals utilize various neurocognitive processing 
to mediate encoding and retrieval. Group analysis illustrated that encoding 
activated the left inferior prefrontal cortex (BA47) and retrieval activated bilateral 
middle and inferior prefrontal cortices (BA10/46)，confirming that the regions 
activated during encoding and retrieval in our subject group were in good 
agreement with that reported in the literature (Bukner et al, 1998; Rugg et al, 1998; 
1999; McDermott, et al., 1999; Buckner, 2000; lidaka et al, 2000; Lee et al, 2000; 
Rosen et al, 2000; Grady, Mcintosh, Beig & Craik，2001). In addition, the present 
study demonstrates statistical evidence on the extent of activation in the left and 
right prefrontal cortex in showing the asymmetric involvement of the left and right 
prefrontal cortex in encoding and retrieval. Larger number of activated pixels is in 
the left inferior prefrontal cortex during encoding and equal number of activated 
pixels is in both left and right middle and inferior prefrontal cortices. 
While previous studies were conducted in English or other alphabetic 
languages, the present study was conducted in Chinese, which is a logographic 
language and differs notably from alphabetic languages in some linguistic 
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properties such as perceptual characteristics (square shape vs. letter string) and 
phonological characteristics (without vs. with letter-sound correspondence) (Liu, 
1988; Tzeng，1988). Findings from the present study in a line with that from 
previous studies on alphabetic languages have provided additional information on 
the universality of the underlying neural basis for memory processing. Across 
different languages, the pattern of prefrontal involvement in memory processing 
(i.e. left prefrontal cortex is involved in encoding and bilateral prefrontal cortices 
are involved in retrieval) is observed. Thus, the present study replicates and adds to 
previous reports on the asymmetric prefrontal involvement for memory processing 
in different kinds of verbal materials or information (Buckner, 2000). 
Utilizing fMRI, the present study investigated individual variability in 
utilizing neurocognitive processing to mediate memory processing. The result of 
occurrence of activations in the regions of interests to index whether an individual 
subject show activations in the left or the right prefrontal cortex indicated that 54% 
of subjects show left prefrontal activations during encoding and 85% of subjects 
show right (39%) or bilateral prefrontal activations (46%) during retrieval. That is, 
the activation pattern observed in the group analysis (i.e. the LB+ activation 
pattern) is observed in only 50% of the individual subjects. However, such an 
activation pattern is not observed in other 50% of the subjects. This important 
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observation in individual variability may have a clinical implication. The finding 
suggests that different individuals utilize various neurocognitive processing to 
mediate memory processes so that it is essential to assess the heterogeneity of the 
underlying neurocognitive processing for mediating memory in each individual 
before conducting neurosurgery. 
Results on individual variability in activation pattern in encoding and 
retrieval provide evidence to support the hypothesis that different individuals 
utilize various neurocognitive processing to mediate memory processes, and such 
individual variability in neurocognitive processing may provide a possible 
explanation for the inconsistent findings from previous PET studies on the 
asymmetric prefrontal involvement in encoding and retrieval. As the majority of 
the PET studies rely on averaging data across multiple subjects but usually use low 
numbers of subjects, the subject-specific differences in adopting various frontally 
mediated functions may have produced relatively large effects in inconsistent 
findings on the prefrontal involvement in memory processing. The global average 
group result may be predominantly affected by performance from those majority 
subjects (in this case, 50% of the subjects) with similar activation pattern in the 
small subject samples, and the group analysis may only demonstrate the activation 
pattern that is observe in those majority subjects. 
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As illustrated in the present study, the majority of subjects (50%) 
showed a consistent activation pattern that encoding activated left prefrontal cortex 
and retrieval activated bilateral cortex (i.e. the LB+ activation pattern), the group 
analysis then showed this LB+ activation pattern. In some PET studies, there might 
be a possibility that majority of subjects showed a consistent activation pattern that 
encoding activates left prefrontal cortex and retrieval activates right prefrontal 
cortex, so that the average analysis resulted in the activation pattern which was 
consistent to the HERA model. 
Another purpose of the present study was to compare memory 
performance between subjects with LB+ activation pattern and those without such 
an activation pattern (LB-). As one previous study suggested that left prefrontal 
activation during encoding was associated with memory success (lidaka et al, 
2000), and two fMRI studies with event-related designs (Buckner et al, 1998; 
Konishi et al, 2000) documented that bilateral prefrontal activations were 
correlated with correct retrieval and correct rejection, it was hypothesized that 
subjects with LB+ activation would perform better than those without such a 
pattern of prefrontal activation (i.e. LB- group). 
Analysis on comparing subsequent memory performance between the 
LB+ and the LB- groups at the present study revealed that subjects with the LB+ 
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activation pattern correctly recognized significantly more words than those with 
the LB- activation pattern. No significant difference on the measures of false alarm 
between the two groups showed that both group perform similarly on correct 
rejection. The finding from the present study is in line with that reported in 
previous studies (Buckner et al, 1998; lidaka et al, 2000; Konishi et al, 2000) to 
suggest that activation in left prefrontal cortex during encoding and activation in 
bilateral prefrontal cortices are correlated with better memory performance. While 
previous studies demonstrate a correlation between prefrontal activation and 
memory performance, the present study provides additional evidence by directly 
comparing memory performance between subjects with different patterns of 
prefrontal activation. 
Comparing with the LB- group in this study, subjects with LB+ 
activation pattern showed additional left prefrontal involvement in both memory 
encoding and retrieval. Given that left prefrontal cortex is correlated with memory 
encoding, one possible explanation for the comparatively superior memory 
performance in the LB+ group than the LB- group is that activation in the left 
prefrontal cortex during encoding and retrieval is related with the utilization of 
strategic memory operations (lidaka et al, 2000). This suggestion is in good 
correspondence with that reported in lesion studies in which patients with left or 
Prefrontal Involvement 46 
bilateral frontal lobe damage are impaired in using organizational skills and in their 
generally learning and memory ability at immediate recall and short and long 
delayed recall in a verbal list learning test than patients with right frontal damage 
(Stuss et al, 1994). Integrating findings from lesion studies and neuroimaging 
studies，it is possible to propose that the involvement of the left prefrontal cortex in 
encoding and retrieval may play a role in the utilization of memory strategies that 
facilitate memory processes and lead to more successful memory performance. 
Other neuroimaging studies have also suggested that the involvement of 
the left prefrontal cortex during retrieval is only observed when the memory tasks 
are more difficult and more complex while the right prefrontal cortex is 
consistently activated nevertheless the memory task is easy or difficult (Rugg et al, 
1999). The authors suggested that when the task is getting more difficult and more 
complex, higher memory effort is required to fulfill the demands of the memory 
task. Activation of the left prefrontal cortex associated with more difficult and 
more complex memory tasks may be evident that the left prefrontal cortex is 
related to memory effort and the right prefrontal cortex is only related to memory 
attempt, which is not so essential for memory successful. Regardless of which 
explanation, findings from the present study and other neuroimaging studies 
suggest that the involvement of left prefrontal cortex in encoding and the 
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involvement of both left and right prefrontal cortex are related to more successful 
and accurate memory performance. 
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